ABSTRACT Blastula embryos of the sea urchin Paracentrotus lividus, when dissociated into single cells by exposure to Ca2+_ and Mg2+-free sea water, reassociate spontaneously to form aggregates capable of development to the final larval form (pluteus). This aggregation is prevented by Fab fragments obtained by immunization with purified membranes from blastula embryos. The inhibition was reversed by soluble proteins extracted with butanol from purified membranes or from intact cells. These extracts also strongly stimulated the rate of reaggregation of dissociated cells in the absence of Fab fragments. Exposure of dissociated cells to 2.5% (vol/vol) butanol removed completely the protein(s) responsible for reaggregation of the cells without impairing their viability. Reaggregation and embryonic development were completely restored to the extracted cells by readdition of the proteins extracted from either membranes or cells. Extracted cells from Paracentrotus could be reconstituted with proteins from Arbacia. The orderly integration of cells into tissues and organs during embryogenesis and the maintenance of this order in the adult as well as its breakdown in cancer are important phenomena that are poorly understood. Recent findings suggest that tissue-specific cell adhesion in development is mediated by specific recognition proteins in the membrane (1-7). Differentiation could thus be understood as the sequential expression of recognition proteins that, like antibodies, might be members of a general class (8). Cancer, on the other hand, might result from mutational alterations in these recognition proteins that lead to a loss of tissue-specific cell adhesion (invasiveness) in the mutated cell.
(pluteus). This aggregation is prevented by Fab fragments obtained by immunization with purified membranes from blastula embryos. The inhibition was reversed by soluble proteins extracted with butanol from purified membranes or from intact cells. These extracts also strongly stimulated the rate of reaggregation of dissociated cells in the absence of Fab fragments. Exposure of dissociated cells to 2.5% (vol/vol) butanol removed completely the protein(s) responsible for reaggregation of the cells without impairing their viability. Reaggregation and embryonic development were completely restored to the extracted cells by readdition of the proteins extracted from either membranes or cells. Extracted cells from Paracentrotus could be reconstituted with proteins from Arbacia. The orderly integration of cells into tissues and organs during embryogenesis and the maintenance of this order in the adult as well as its breakdown in cancer are important phenomena that are poorly understood. Recent findings suggest that tissue-specific cell adhesion in development is mediated by specific recognition proteins in the membrane (1) (2) (3) (4) (5) (6) (7) . Differentiation could thus be understood as the sequential expression of recognition proteins that, like antibodies, might be members of a general class (8) . Cancer, on the other hand, might result from mutational alterations in these recognition proteins that lead to a loss of tissue-specific cell adhesion (invasiveness) in the mutated cell.
The isolation and characterization of these recognition or contact proteins have been hampered by solubilization and detection problems, and in many cases the presence of these antigens on the cell surface has been inferred only from immunological methods (9, 10) . Proteolytic degradation and denaturation by detergents have been encountered in attempts to isolate these glycoproteins from either culture fluids or purified membranes. Another problem is detection by a sensitive biological test. Assays based on promotion of cell aggregation require uptake of the active fraction by cells whose membranes have been partially depleted. On the other hand, immunological assays based on blocking cell contact by monovalent Fab fragments derived from antibodies raised against whole membranes are highly specific and do not require interaction of the active fraction with the cell (10, 11). However, because this test measures the extent to which the blocking action is reversed after absorption of the Fab fragment preparation with the fraction to be tested, the method is applicable only if the solubilized contact sites are preserved in a conformation that can be recognized by the antibody.
Many of these difficulties would disappear if it were possible to remove completely proteins associated with the function under study frort the membranes of living cells without impairing their viability. The active component could then be identified by testing for restoration of the deficient function after the reincorporation of the active component into the membrane. We have accomplished this with cells dissociated from the blastula embryos of the sea urchin Paracentrotus iividus. Sea urchins are particularly well suited for the study of specific aggregation in embryogenesis because, as established by the pioneering studies of Giudice and coworkers (12) (13) (14) (15) (16) , dissociated cells readily reassociate to form morula-like structures able to complete development to the final pluteus stage.
In this study we show that it is possible to treat dissociated blastula cells from P. lividus with butanol in such a way that they completely lose their ability to reaggregate. The ability for reaggregation was restored by the addition of a soluble protein fraction that had been extracted with butanol from purified membranes or from whole cells of normal blastula embryos. Apparently, the deficient membranes are fully reconstituted, because the aggregates formed upon treatment of the deficient cells with the membrane extract were able to differentiate and to complete their development into pluteuslike larvae.
MATERIALS AND METHODS
Dissociation of Embryos into Single Cells and Extraction with Butanol. P. lividus embryos were cultured and dissociated at the swimming blastula stage as described by Giudice and Mutolo (16 about 1-2 hr, clumps consisting of many cells appear ( Fig. 2 b and i) that eventually detach from the substratum and swim around vigorously ( Fig. 2d ) with the aid of cilia on the outer cells that are beginning to form an epithelial layer (Fig. 2c) around the blastula-like structures (21, 22) .
Reaggregation of dissociated blastula cells was prevented by monovalent antibodies from rabbits immunized with purified membranes prepared from blastula embryos (Fig. 2 k and 1) . Monovalent Fab fragments derived from purified IgG either by papain or by pepsin followed by reduction were equally active and completely prevented reaggregation at concentrations of 20-40 ,gg/0. 1-ml sample. Because of the sensitivity of the cells to changes in their normal sea water medium, we found it necessary to dialyze all materials against sea water prior to testing.
Inhibition of reaggregation required monovalent fragments. By contrast, divalent fragments F(ab')2 resulting from digestion with pepsin caused the cells to agglutinate (not shown). However, the agglutinated cells, in contrast to the physiological aggregates, maintained their rounded shape until they eventually began to disintegrate. Addition of pepsin to the dissociated cells did not prevent reaggregation.
Dissociation of Blastula Embryos by Fab Fragments. Addition of Fab fragments to blastula and gastrula embryos caused dissociation into single cells within several hours. The embryos rapidly became immobile and gradually lost their characteristic shape as they were converted into clumps resembling piles of single cells with rounded contours instead of the cobblestone pattern of cells in contact with each other. The amount of debris and single cells increased with time and antibody concentration. After a few hours the embryos were converted into mostly single cells that remained intact for over 12 hr. By contrast, divalent F(ab')2 fragments did not promote dissociation even though they caused a similar initial loss of ordered structure, which was followed by cell lysis (10) .
Reversal of Antibody-Induced Inhibition of Reaggregation by Membrane Extract. We next tested whether components extracted from purified membranes with butanol and dialyzed against sea water could abolish the inhibitory effect of monovalent Fab fragments. A titration was carried out in which butanol extract was added in increasing concentrations to two different sets of wells in microtiter plates, one containing 62 Aig and the other 124 ,ug of Fab fragments. Dissociated cells were then added to each series. The results in Table 1 show that the butanol extract is indeed capable of completely reversing the aggregation-inhibiting effect of the Fab fragments and that the concentration of butanol extract required for neutralization increases with the concentration of antibody. Moreover, the reaggregated cells were able to develop into embryos indistinguishable from those produced by spontaneous reaggregation in the absence of antibodies.
Promotion of Reaggregation by Direct Interaction of Butanol Extract with Dissociated Cells. Subsequent tests showed that the activity of the butanol extracts could be assayed (Fig. 2 a, e-h ). After 48 hr many vigorously swimming pluteus-like structures were found (Fig. 2g) .
The final size of the embryo often is proportional to the concentration of butanol extract added. This effect is explained by the fact that the rate of initial reaggregation is strongly de (Fig. 2h) . 290 Cell Biology: Noll et al. All of the four controls without extract showed intact single cells at the end of 48 hr, similar to those in Fig. 2a .
Addition of butanol extracts to dissociated cells that had not been extracted ("normal cells") seemed to confer a developmental advantage. Thus, dissociated normal cells often exhibited only a limited and abortive reaggregation in the absence of butanol extract, while in the presence of extract these same cells as well as their extracted counterparts were able to reaggregate and complete development. In these cases exposure of the embryos to Ca2+-and Mg2+_free sea water might have reduced the contact protein on the surface of the dissociating cells below the critical concentration necessary for reaggregation. Addition of butanol extract would cure this deficiency.
Some of these points are illustrated in Table 2 , which correlates the morphological development with the rate of amino acid incorporation measured by 1-hr pulses administered at intervals ranging from 2 to 44 hr after the start of reaggregation. In experiment B, the rate of protein synthesis in the normal cells declined linearly from 100% to 10% during this period. Ex- 24 hr at 30°C with trypsin (1 mg) in a total volume of 2 ml of buffered sea water (10 mM Tris-HCl, pH 8) . At the end of the incubation, 2 mg of soy bean trypsin inhibitor was added. Digestion resulted in the release of 70% of the radioactivity in dialyzable form. §The same result was obtained in a parallel sample that contained a mixture of trypsin and soy bean trypsin inhibitor in the same concentrations as in the trypsinized butanol extract. traction with butanol caused an additional drop of about 65%, which was partially reversed by butanol extract. In keeping with the incorporation data, the morphological findings showed no further development after the gastrula stage reached at 20 hr. (24) and retina cells (6) . been suggested by Yamada et al. (26) , who restored the nontransformed fibroblast morphology to transformed cells by addition of the major cell surface protein (CSP) to the culture medium.
The likelihood that proteins that are readily removed by our technique are representatives of an entire class of receptors and signal transducers promises new insight into the social behavior of cells. Receptors that previously have been difficult to isolate in intact form or sufficient quantity, such as, for example, the T-cell receptors or histocompatibility antigens, may now become available for chemical characterization.
